Abstract: An incoherent Brillouin optical time-domain reflectometry with random state correlated Brillouin spectrum is proposed and experimentally demonstrated for the first time, which is based on a newly developed broadband random light source (chaotic laser) with a bandwidth of four times of the Brillouin spectral width in fiber. A variable optical delay line is introduced to provide location distribution of the temperature or strain in the fiber to replace the optical pulse generator. By adjusting the reference light path, the correlation of the same random state of the Stokes light and the pump light will be measured in the form of the Brillouin spectrum. The spatial resolution is inversely proportional to the bandwidth of the chaotic laser, and hence, the pump wave and Stokes wave are correlated to each other by their identical random state. The experimental result shows a 0.96-m spatial resolution (limited by the bandwidth of the chaotic laser) over a 155-m sensing range.
Introduction
Distributed optical fiber sensing based on Brillouin scattering [1] - [3] has been extensively studied for the distributed measurement of strain or temperature in various materials and structures. To obtain the distributed information of strain or temperature along the fiber, various techniques have been developed. The time-domain pulse-based technologies [4] , [5] and correlationdomain continuous-wave technologies [6] - [11] have been mainly used. Time domain technologies include Brillouin optical time domain reflectometry (BOTDR) [4] and Brillouin optical time domain analysis (BOTDA) [5] with advantage of long measurement range. However, their limited spatial resolution (>1-m) may prevent some specific applications from health monitoring of structures such as aircraft wings, rockets, and wind turbine blades [7] . The standard correlationbased Brillouin sensors include Brillouin optical correlation domain reflectometry (BOCDR) [8] , [9] and Brillouin optical correlation domain analysis (BOCDA) [10] , which have an extremely high spatial resolution ($centimeter or $millimeter). But the measurement range is limited by the interval between the neighboring correlation peaks due to the periodic frequency modulation to the laser source, which is tens or hundreds of meters [11] .
Various techniques for overcoming the tradeoff between spatial resolution and measurement range have been made during the last decades on the development of the Brillouin distributed optical fiber sensing. For time-domain pulse-based technologies, Koyamada et al. [12] proposed a double-pulse BOTDR (DP-BOTDR) system realizing 20-cm spatial resolution and 1-km measurement range. A differential pulse-width pair Brillouin optical time-domain analysis (DPP-BOTDA) was proposed by Li et al. [13] , and 15-cm spatial resolution was demonstrated over 1-km sensing fiber. A resolution of 2-cm had been achieved along 2-km of fiber by Dong et al. [14] through optimizing differential pulse-width pair. And Thévenaz et al. [15] realized a spatial resolution of 5-cm with 5-km range by using Brillouin echoes. On the other hand, for the improved correlationdomain continuous-wave technologies, Mizuno et al. [16] obtained 66-cm spatial resolution and 1-km measurement range by using the BOCDR based on temporal gating scheme. In addition, Zou et al. [11] successfully obtained 34-m measurement range with a 10-cm spatial resolution based on dual frequency modulations. The amplified spontaneous emission of an optical fiber amplifier was employed in noise-based BOCDA with 4-mm resolution and 2-m range by Cohen et al. [17] , and for the phase-coded BOCDA system, Denisov et al. [18] realized a spatial resolution of 14-mm over the distance of 17.5-km. London et al. [19] acquired over a 2.2 km-long fiber with a spatial resolution of 2-cm based on dual-layer hierarchal encoding of both amplitude and phase. Generally above the time and correlation domain techniques always require pulse signal generator, high frequency microwave signal source or broadband digitizer, which makes the system very expensive.
Traditional BOTDR, BOTDA, and BOCDR sensors require narrow linewidth laser, as the linewidth should be narrower than the Brillouin spectrum width. In this work, we develop an incoherent BOTDR based on random noise correlated Brillouin spectrum for the first time. The new scheme use a chaotic light source with bandwidth much larger than the Brillouin spectral width, and the spatial resolution is inverse proportional to the bandwidth chaotic laser. There are many ensemble states, so called random state in the bandwidth of the chaotic laser, and identical state of the pump and Stokes wave will be correlated to form the Brillouin spectrum, a tunable optical delay line is swept across the sensing fiber to locate the identical random state in each fiber location, and the correlation (coherent beat signal) gives the Brillouin spectrum in every location, the Brillouin peak is measured by high resolution optical spectrum analyzer (OSA) to give the temperature and strain. The delay line resolution should match with the spatial resolution equivalent time, which is inverse of the bandwidth of the chaotic laser. To increase the sensing length beyond of the optical delay line, we introduce the reference fiber length in the detection system, which allows the sensing length to be increased to 155-m, and spatial resolution of 0.96-m, which is limited by the bandwidth of chaotic laser.
Experimental Setup and Principle
The experimental setup of the proposed incoherent BOTDR with random state correlated Brillouin spectrum is depicted in Fig. 1 . The chaotic laser source consists of a laser source, an electro-optic modulator (EOM) and a chaotic signal source as plotted in the dashed box. The output of the laser source is modulated by EOM driven by the chaotic signal source. And the chaotic signal source includes a distributed-feedback laser diode (DFB-LD) with optical feedback from an external optical fiber ring cavity and a photodetector (PD). The laser in our experiment is controlled by a temperature controller. We have investigated the performances of power stabilities of the laser in the lab environment. In 2 hr, the power fluctuation of the laser is less than 0.02 dB. The side-mode suppression ratio (SMSR) reaches about 50 dB.
The output of the chaotic laser is amplified by a high power Er-doped fiber amplifier (EDFA), and then divided by a fiber coupler into two beams. is injected into the fiber under test (FUT) with fiber length of L X as the chaotic pump light, where L X is the detected position. When chaotic pump light is launched into an optical fiber, the backscattered Brillouin light is generated through the interaction with acoustic phonons and the incident chaotic pump light as chaotic Stokes light. Its spectrum is referred to as the Brillouin gain spectrum (BGS) with the shape of a Lorentzian function [20] . The central frequency of BGS is down shifted by 10.8 GHz from the incident light frequency at the wavelength of 1550 nm. When the backscattered chaotic Stokes light and the chaotic reference light are in the same chaotic state, which means they are in the same coherent state, their coherent beat signals through a 3-dB fiber coupler can be detected. The working principle of this chaotic-BOTDR is based on adjusting the optical path of the reference light to find temperature or strain changed location. The chaotic light with all of random states act as pump light, and the Stokes wave returned in the fiber with the similar state. When the delayed pump state finds its copy from Stokes wave, they occurs interference at that location and time interval. Only between those identical states they are coherent, not to other states. Overall, it is incoherent for the entire profile. When
the chaotic Stokes light has the same chaotic state as the reference light, and the BGS along the different position of the FUT can be obtained. The coherent beat optical signal is monitored by a 5 MHz measurement resolution OSA (APEX AP2041B). The relative polarization state of the two light beams is optimized by adjusting polarization controllers (PCs) manually. The beat optical signal is converted to electrical signal by PD and measured by a 26.5 GHz electrical spectrum analyzer (ESA: Agilent N9020A). By detecting the BFS, temperature differences can be obtained. Fig. 2 shows the structure of the FUT comprising a 155-m single-mode fiber (SMF: G.655), in which a 3-m long section is placed in an optical fiber thermostat. One end of the FUT is spliced to a circulator, and the other end is put into fiber matching gel to suppress the Fresnel reflection. In our demonstration, the FUT is divided into three sections. The temperature of the middle section (Section 2) is varied, and the other two sections (Sections 1 and 3) are maintained at the room temperature. By changing the delay fiber length and controlling the variable optical delay line to adjust the reference light path, the detected position can be set at any arbitrary position along the FUT. Fig. 1 . Experimental setup of proposed system. EOM, electro-optic modulator; PC, polarization controller; ISO, isolator; EDFA, erbium-doped optical fiber amplifier; OC, optical circulator; VA, variable attenuator; FUT, fiber under test; PD, photodetector; OSA, optical spectrum analyzer; ESA, electrical spectrum analyzer.
Experimental Results

Characteristics of the Chaotic Laser
The characteristics of the output chaotic laser with random state are depicted in Fig. 3 . The output light from the laser source (1550 nm) is modulated by the chaotic signal through EOM. Fig. 3(a) shows the optical spectrum of the chaotic laser. The linewidth of the output chaotic laser is 71.9 MHz measured by the delayed self-heterodyne method, and the corresponding coherence length is 88.53 cm according to the formula of coherence length: L C ¼ c=ð%nÁf Þ. This number provides the spatial resolution. The bandwidth of this chaotic laser is much wider than the Brillouin spectrum (10-20 MHz) in the fiber. Here L C is the coherence length of the chaotic laser, c is the propagation velocity of light in a vacuum, n and Áf are the refractive index of fiber and the linewidth of light source, respectively. This coherent length will determine the spatial resolution, which should be equal to the spatial resolution of the distributed sensor in principle. Furthermore, Fig. 3(b) and (c) shows the time series and autocorrelation trace of the chaotic laser output, respectively. As shown in Fig. 3(b) , the waveform exhibits a fast and irregular oscillation. And the chaotic signal has a delta-function-like autocorrelation curve with narrow peak, as plotted in Fig. 3(c) .
Brillouin Scattering Spectrum and Temperature-Dependence
When the chaotic laser is injected into 155-m SMF after amplifying by an EDFA to 1.2 W, the backscattered spectrum is shown in Fig. 4 . We can see that the Rayleigh scattering spectral linewidth is bigger than the Brillouin spectral width. The linewidth of Rayleigh scattering light consistent with the pump light. As shown in the illustration, the linewidth of Brillouin scattering light is 20 MHz.
In order to get the relationship of BFS with temperature, we change the reference light path to locate the detected point into the fiber thermostat, and increase the temperature from 25 C to 45 C. The temperature-dependence of the BGS in fiber is shown in Fig. 5(a) . With the temperature increased the BGS shifts toward higher frequency. From these spectra, we can plot the temperature-dependence of the BFS as shown in Fig. 5(b) . The temperature coefficient is 1.09 MHz/ C. 
Distributed Temperature Measurement
Fig . 6 shows the distribution of the BGS and BFS along the FUT when the temperature of optical fiber thermostat (3-m long fiber) is 8 C. The room temperature remains constantly at 23 C. From the Fig. 6(a) , the BGS at the temperature applied section is clearly recognized. Fig. 6(b) shows the distribution of the BFS. The change of the BFS is about 15 MHz, which agrees with the expected value induced by the temperature variation of 14 C. Then, the optical fiber thermostat is reset to 50 C. The measurement results are presented in Fig. 7 . The measured BGS at the temperature applied section is recognized in Fig. 7(a) . The distribution of the BFS is shown in Fig. 7(b) . The inset figure among it is a part of distribution of the BFS, and they have same sampling rates. The spatial resolution of the chaotic-BOCDR can be calculated by the average of the rise and fall time equivalent length in meter for the temperature changed fiber section. We can see that a 0.96-m spatial resolution is achieved which is defined as 10-90% of rise time [13] . This number is consistent with the coherent length of chaotic laser, which is 89 cm. The change of the BFS is about 27 MHz with a 28 C temperature variation. The accuracy of the measurement at a single position is AE1 MHz, where 300 times averaging is used. In our experiment, the adjustable range of fiber thermostat is 5
C to 60 C. Therefore, we choose the min temperature to be 8 C and maximum temperature to be 50 C. The equivalent Brillouin frequency shift is about 43 MHz.
Discussion
The random noise correlation based BOTDR is different from Brillouin correlation, because it is based on in-coherent laser, no period can be detected within the modulation bandwidth, while all of the existing distributed sensor is based on coherent source, and we sweep the frequency to get the Brillouin spectrum. In our approach, the Brillouin spectrum is obtained by the correlation of the same random state of the pump and the Stokes wave. The spatial resolution is limited by the modulation bandwidth of the chaotic laser. The chaotic characteristics of backscattered chaotic Stokes light are similar to that of the chaotic pump laser in our experiments. In principle, the spatial resolution of the sensing system should be equal to the coherent length of the chaotic laser. However, we discover that the linewidth of the chaotic Stokes light is narrower than the chaotic pump light. Thus, the correlation of the chaotic reference light (pump) and the chaotic Stokes light is subjected to nonlinear interaction between pump and Stokes light. In addition, the nonlinear amplification has attributed to de-correlation, which results in longer coherent length due to narrower spectrum. For this system, the spatial resolution mainly depends on the coherence length of chaotic laser. If the lower coherence length of chaotic laser is adopted, the better spatial resolution cm-scale can be achieved. However, the several cm-scale spatial resolution means the weak Brillouin scattering signal, which will lead the lower signal-to-noise ratio of the system. Due to the low signal-tonoise ratio, the measurement range is eventually limited. For the maximum sensing length and its trade-off with the spatial resolution of the chaotic-BOTDR, we will investigate further in our future work.
Conclusion
In summary, we propose and demonstrate an incoherent BOTDR with random state correlated Brillouin spectrum. A random state chaotic laser is developed as the light source, and a variable optical delay line is introduced to adjust the reference light path and scan the detected position. When the chaotic Stokes light and chaotic reference light have the same chaotic state, the coherent beat signal can be detected. By detecting the coherent beat signal, we demonstrate oneend-access distributed temperature measurement with 0.96-m spatial resolution and 155-m measurement range. Our proposed system removes the need for a high-frequency microwave signal source, short pulse generator, and frequency locking and sweeping, which makes the system more practical for field applications.
